Abstract. Previous studies have identified as a powerful regulator of epithelial-mesenchymal transition (EMT) via the control of gene expression. EMT is a critical event that is associated with the initiation of malignant tumor metastasis. A lack of E-cadherin expression and overexpression of vimentin are hallmarks of EMT. It is well-known that RhoE, which is associated with regulation of the actin cytoskeleton and migration via alterations in cell motility, regulates the expression of E-cadherin, matrix metalloproteinase-9 (MMP-9) and vimentin. However, it remains to be elucidated whether miR-200b may alter the molecular behavior of RhoE. The present study aimed to determine whether miR-200b was able to regulate the EMT of cervical cancer, in order to control metastasis. In addition, the correlation between miR-200b and RhoE, E-cadherin and vimentin expression was investigated. Notably, miR-200b was shown to inhibit the function of RhoE and suppress the EMT of cervical cancer. Furthermore, HeLa cells were transfected with miR-200b mimics or inhibitors, and the protein expression levels of E-cadherin, MMP-9, vimentin and RhoE were subsequently detected. A Transwell assay was also conducted, in order to observe the metastatic ability of the HeLa cells. In addition, a luciferase reporter assay was performed using luciferase reporter vectors containing the full length 3'-untranslated region (UTR) of RhoE; miR-200b was able to significantly suppress relative luciferase activity by targeting the 3'-UTR of RhoE. These results suggested that miR-200b may markedly inhibit metastatic potential by regulating cell EMT and inhibiting RhoE; therefore, miR-200b may be considered an effective target for the treatment of patients with highly metastatic cervical cancer.
Introduction
Metastasis is the most common cause of cervical cancer-associated mortality. The American Cancer Society estimated that in 2015, ~12,900 novel cases and 4,100 fatalities will result from cervical cancer in the United States (1) . Screening and prevention programs have contributed to declining mortality rates, and surgical resection is available for the treatment of early stage tumors; however, the current prognosis for patients with cervical cancer remains poor, due to high rates of tumor metastasis (2) (3) (4) . Improved understanding regarding the precise molecular mechanisms underlying metastasis remains a challenge in cancer research, in addition to identifying key targets against which therapeutic strategies may be directed.
Tumor metastasis is a complex, multistep process that includes dysregulation of tumor cell adhesion, cytoskeletal remodeling, and invasion of the surrounding organs or tissues. An essential factor of this morphogenetic transformation is referred to as epithelial-mesenchymal transition (EMT). During EMT, epithelial cells actively lose their cell-cell adhesive capacity and polarity, and acquire highly motile mesenchymal characteristics, as well as reduced intracellular interactions, which are essential for metastasis (5, 6) . Notably, EMT is considered a crucial event that contributes to cancer progression, due to its ability to facilitate invasion and metastasis. Numerous studies have reported the importance of EMT, particularly with regards to the cell junction molecule E-cadherin, which can be functionally overexpressed in order to establish stable intracellular adhesion; therefore, loss of E-cadherin expression is considered a hallmark of EMT. Loss of E-cadherin expression and gain of vimentin expression (another marker of EMT) are common alterations that occur during human cancer invasion and metastasis (7, 8) .
Various molecular processes are associated with the initiation and progression of EMT, including alterations in the expression of specific microRNAs (miRNAs). miRNAs are an abundant class of endogenous, small, non-coding regulatory RNA molecules, which are 17-25 nucleotides long. It is widely accepted that miRNAs regulate gene expression by recognizing imperfect complementary sites in the 3'-untranslated regions (3'-UTR) of target mRNA, which may lead to suppression of the target gene expression, or mRNA degradation (9) . Previous studies have demonstrated that miRNAs have roles in almost all aspects of cancer biology, including invasion and metastasis (10) (11) (12) . The human miRNA (miR)-200 family comprises five members: miR-200a, miR-200b, miR-200c, miR-429 and miR-141, which are able to regulate EMT by targeting the E-box-binding transcription factors, zinc E-box-binding homeobox 1 (ZEB1) and Smad-interacting protein 1 (SIP1/ZEB2) (13) (14) (15) . In addition, ZEB1 and ZEB2 are essential suppressors of E-cadherin transcription and have been implicated in EMT. Previous studies have identified miR-200b as a powerful regulator of EMT, which is associated with cancer metastasis, via regulating the expression of genes, including E-cadherin and vimentin (14) (15) (16) . Therefore, miR-200b is considered an important factor in the metastatic spread of cancer cells. It has been widely reported that the expression of miR-200b can influence invasion and metastasis of various types of cancer, including prostate (16), colon (17) , hepatic (18) , gastric (19) and bladder (20) cancer. In addition, miR-200b has been reported to be significantly differentially expressed between primary tumors and corresponding distant metastases in breast cancer (14) ; however, the association between miR-200b and metastatic processes in cervical cancer remain to be elucidated. The present study aimed to elucidate the potential molecular mechanism underlying the role of miR-200b in cervical cancer metastasis.
Materials and methods
Cell culture. The HeLa human cervical cancer cell line was obtained from the American Type Culture Collection (Manassas, VA, USA). The cells were cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 µg/ml streptomycin (all from Gibco; Thermo Fisher Scientific, Inc.) at 37˚C in a humidified atmosphere containing 5% CO 2 .
Cell transfection. Small interfering (si)RNA-RhoE, miRNA-200b mimics and inhibitors, and the negative control for siRNA-NC, were designed by and purchased from Guangzhou RiBoBio Co., Ltd. (Guangzhou, China). Cells were seeded in 6-well plates at a density of 40%, and after an overnight incubation were transfected with the miRNAs, siRNAs, miRNA inhibitors and NC using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. After 6 h, the culture medium was replaced with fresh DMEM. Total RNA and protein were subsequently extracted after 48 h, for analysis using reverse transcription-quantitative polymerase chain reaction (RT-qPCR) or western blotting, respectively.
Cell migration assay. Transwell insert chambers containing an 8-µm porous membrane (Corning Inc., Corning, NY, USA) were used to performed the migration assay. A total of 1x10 5 cells suspended in serum-free medium were placed on each upper chamber, and 500 µl medium containing 10% FBS was added to the bottom chamber. The cells were incubated for 24 h at 37˚C in a humidified incubator containing 5% CO 2 . To quantify the number of migrated cells, cells on the upper surface of the Transwell membrane were removed using a cotton swab. The migrated cells on the reverse of the membrane were fixed in methanol, stained with crystal violet (Sigma-Aldrich, St. Louis, MO, USA) and images were captured under a microscope (BX31, Olympus Corporation, Tokyo, Japan) at x100 magnification. Six random fields from the triplicate membranes of each experimental group were observed.
Cell lysis and western blotting. Whole proteins were extracted from the cell lysates using radioimmunoprecipitation assay buffer (Beyotime Institute of Biotechnology, Hangzhou, China). The protein concentration was determined using the BCA Protein Assay kit (Thermo Fisher Scientific, Inc.). Equal quantity of proteins (25 µg/lane) were separated by 10-12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Goodbio Technology, Wuhan, China) and were transferred onto polyvinylidene difluoride membranes (EMD Millipore, Billerica, MA, USA). The membranes were then blocked with 5% non-fat dried milk at room temperature and were incubated with monoclonal mouse anti-human RhoE (1:2,000; cat. no. MAB6618; R&D Systems, Minneapolis, MN, USA), monoclonal mouse anti-human E-cadherin (1:1,000; cat. no. 3195), monoclonal rabbit anti-human vimentin (1:1,000; cat. no. 5741), polyclonal rabbit anti-human matrix metalloproteinase (MMP)-9 (1:1,000; cat. no. 4022) and monoclonal rabbit anti-human GAPDH (1:1,000; cat. no. 2118) antibodies (Cell Signaling Technology, Inc., Danvers, MA, USA). After being washed three times with Tris-buffered saline containing Tween (0.02%), the membranes were incubated with goat anti-mouse IgG2b (1:8,000; cat. no. sc-2062) and goat anti-rabbit IgG2b (1:8,000; cat. no. sc-2004) horseradish peroxidase-conjugated secondary antibodies (Santa Cruz Biotechnology, Inc., Dallas, TX, USA) for 60 min at room temperature. The blots were visualized using an enhanced chemiluminescence system (EMD Millipore). GAPDH was used as an endogenous internal control. The immune complexes were quantified using Image J (version 1.46; National Institutes of Health, Bethesda, MA, USA)
RNA preparation and RT-qPCR. Total RNA, including mRNA, was isolated from the cells post-transfection using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol and treated with 2 µl RQ1 RNase-Free DNase (Promega Corporation, Madison, WI, USA). For mRNA analysis, cDNA was amplified from 2.0 µg total RNA in a final volume of 20 µl using the Revert Aid First Strand cDNA Synthesis kit (Thermo Fisher Scientific, Inc.). The primers used for the RT reaction were miR200b, 5'-GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CT GGAT ACG ACT CAT CAT-3' and U6, 5'-CGC TTC ACG AAT TTG CGT GTCA-3'. The reaction was incubated at 42˚C for 15 min, then heated to 95˚C for 5 min and finally incubated at 5˚C for 5 min. Human GAPDH was used as an internal control. The PCR primer sequences were as follows: RhoE, F 5'-ATA GAG TTG AGC CTG TGG GACAC-3' and R 5'-AGG GTC TCT GGT CTA CTG ATGTC-3'; and GAPDH, F 5'-TGC ACCA CCA ACT GCT TAGC-3' and R 5'-GGC ATG GAC TGT GGT CAT GAG-3' , miR-200b, F 5'-GCG GCT AAT ACT GCC TGG TAA-3' and R 5'-GTG CAG GGT CCG AGGT-3', U6, F 5'-CGC TTC GGC AGC ACA TAT ACTA-3' and R 5'-CGC TTC ACG AAT TTG CGT GTCA-3' obtained from Shanghai GenePharma Co., Ltd. (Shanghai, China). The RT-qPCR reaction was performed using SYBR Green Master mix (Applied Biosystems; Thermo Fisher Scientific, Inc.), with the following cycling conditions: 95˚C for 10 min, followed by 40 cycles at 95˚C for 15 sec and 60˚C for 1 min. RT-qPCR was performed using a StepOnePlus system (Applied Biosystems; Thermo Fisher Scientific, Inc.). For quantification of miR-200b, similar to the mRNA RT-qPCR, miRNA expression levels were analyzed using specific primers with U6 as an internal control. The primers were purchased from Guangzhou RiBoBio Co., Ltd. The results were analyzed using the 2 -ΔΔCq method relative to U6 or GAPDH expression (21) .
Luciferase assay. The 3'-UTR of RhoE was amplified by PCR using human genomic DNA and cloned into the XhoI site downstream of luciferase in the pLUC vector (Promega Corporation). A pLUC construct containing a mutated 3'-UTR of RhoE that lacked the seed sequence of miR-200b was also synthesized. For the luciferase assay, HEK293T cells (American Type Culture Collection) were seeded into 24-well plates and transfected with 200 ng pLMP or pLMP-has-miR-200b vector (Guangzhou RiBoBio Co., Ltd.) alongside 20 ng wild type or mutant RhoE 3'-UTR using Lipofectamine 2000 (Thermo Fisher Scientific, Inc.) at room temperature. Cells were collected after 48 h and were analyzed using the Dual-Luciferase Reporter Assay system (Promega Corporation). All experiments were performed four times and normalized to Renilla luciferase activity.
Statistical analysis.
All experiments were performed independently in triplicate. Student's t-test (two-tailed) and one-way analysis of variance were performed in order to analyze the data. SPSS 19.0 software (IBM SPSS, Armonk, NY, USA) was used to analyze the data. Data are expressed as mean ± standard error. P<0.05 was considered to indicate a statistically significant difference.
Results

miR-200b expression regulates the EMT of HeLa cells.
Loss of E-cadherin expression and increased invasiveness are markers of EMT. To determine whether miR-200b was able to regulate the EMT of cervical cancer cells, the expression levels of E-cadherin and vimentin were detected in HeLa cells transfected with miR-200b mimics, inhibitors, or a negative control. The expression levels of miR-200b were analyzed by RT-qPCR with U6 RNA as an internal control. As presented in Fig. 1A , the relative expression levels of miR-200b were 14-fold higher in the cells transfected with the miR-200b mimic, as compared with in the negative control cells (mimic-NC). In addition, the cells transfected with the miR-200b inhibitor exhibited a ~60% downregulation in miR-200b expression.
Overexpression of miR-200b in the HeLa cells resulted in upregulated E-cadherin and downregulated vimentin protein expression levels, as compared with in the negative control, as determined by western blotting (Fig. 1B-D) . Furthermore, post-transfection with the miR-200b inhibitor E-cadherin expression was reduced and vimentin expression was increased (Fig. 1B-D) . The expression levels of MMP-9 were also markedly decreased in the HeLa cells transfected with miR-200b mimics. Conversely, transfection with the miR-200b inhibitor significantly suppressed MMP-9 protein expression (Fig. 1B and E) . These results suggest that metastasis of HeLa cells may, at least partially, be attributed to MMP-9 upregulation. In addition, miR- (Fig. 1F) . These results indicate that miR-200b levels may regulate HeLa cell migration.
miR-200b directly targets RhoE.
To explore the mechanisms underlying miR-200b-mediated reductions in cell metastasis, potential miR-200b target genes were investigated using online miRNA target prediction databases (Targetscan, targetscan.org; microrna.org/microrna/home.do and genie.weizmann.ac.il/pubs/mir07/mir07_data.html). Among these target genes, RhoE was identified, which is associated with regulation of the actin cytoskeleton and migration via alterations in cell motility (22) . To validate whether RhoE is a direct target gene of miR-200b, a luciferase reporter vector containing the full length 3'-UTR of RhoE was cloned. miR-200b significantly suppressed the relative luciferase activity by targeting the 3'-UTR of RhoE. As shown in Fig. 2A , two predicted target sites of miR-200b have been identified, predictive target site 1 (from 1584 to 1591) and predictive target site 2 (from 1729 to 1735) in 3'UTR of RhoE. To analyze which predictive target site is regulated by miR-200b, a wild type RhoE 3'-UTR (containing the two prediction target sites) reporter construct and a mutated RhoE 3'-UTR reporter construct were generated. The results demonstrated that the first mutant reporter construct had less of an effect on luciferase activity, and the second mutant reporter construct had no effect on luciferase activity, as compared with the report vector containing the full 3'-UTR of RhoE. The luciferase assays revealed that miR-200b may directly target the 3'-UTR of RhoE by targeting predicted target sites 1 and 2 with both sites having the same effect. The effects of miR-200b on the endogenous expression of RhoE were subsequently examined by western blotting. Transfection of the HeLa cells with miR-200b mimics resulted in a marked decrease in the protein expression levels of RhoE (Fig. 2C) . Furthermore, transfection with a miR-200b inhibitor upregulated the expression levels of RhoE in the cells. miRNA is known to post-transcriptionally regulate gene expression either via translational repression or mRNA degradation (9) . In the present study RhoE mRNA expression levels were decreased, as determined using RT-qPCR analysis (Fig. 2D) . These results suggest that miR-200b could inhibit RhoE expression at the transcriptional level.
Silencing of RhoE inhibits EMT in HeLa cells.
The present study aimed to investigate whether RhoE is the main factor affecting miR-200b-regulated cell migration in HeLa cells; therefore HeLa cells were transfected with siRNA-RhoE. As shown in Fig. 3A , the expression levels of RhoE decreased by >60% following transfection with siRNA-RhoE, as compared with the negative control-cells ( Fig. 3A and B) . In addition, siRNA-mediated RhoE downregulation resulted in increased E-cadherin expression and reduced vimentin protein expression in HeLa cells (Fig. 3C and D) . Immunofluorescent labeling with an anti-E-cadherin antibody exhibited similar results; E-cadherin was significantly increased following transfection with siRNA-RhoE, as compared with the negative control HeLa cells (Fig. 3E) . A Transwell assay was conducted to determine whether RhoE was able to influence the migratory ability of cervical cancer cells. The migratory ability of the Hela cells was markedly decreased when RhoE expression was silenced, as compared with the negative control group, thus indicating that downregulation of RhoE expression may suppress the cell migratory ability. These results suggest that downregulation of RhoE may inhibit EMT and cell migration in vitro.
miR-200b regulates EMT in HeLa cell by reducing the expression of RhoE.
The present study aimed to investigate (Fig. 3A and F) . These results indicate that miR-200b may function as a potent suppressor of migration in HeLa cells via regulation of RhoE expression.
Discussion
Metastasis is defined as a multistep biological process during which primary cancer cells form distant secondary tumors. Approximately 90% of patients with cancer succumb to metastatic disease (23); therefore, targeting metastasis is a key anticancer strategy. EMT, which is recognized as the initiation of cancer metastasis (24) . Numerous studies have reported the role of miRNAs as promoters (25) (26) (27) and suppressors of metastasis (28) (29) (30) ; therefore, molecular regulation of miRNA expression may serve as a potential strategy for therapeutic intervention. High levels of miR-196a have been demonstrated to promote the migration and invasion of colorectal cancer cells via the repression of Hox genes (31) . In addition, tumor suppressor miRNAs, including miR-29a, have also been reported, which inhibit cervical cell metastasis by targeting heat shock protein 47 (32) . As a member of the miR-200 family, miR-200b has been identified as a powerful regulator of EMT in various types of cancer via the regulation of numerous genes; however, the function of miR-200b in cervical cancer remains to be determined. A significant correlation has previously been reported between the expression of miR-200 and the E-cadherin/vimentin ratio in NCI60 cells, and inhibition of endogenous miR-200 expression was sufficient to induce EMT (14, 15) . Based on these findings, the present study hypothesized that miR-200b may be associated with the metastatic processes of cervical cancer.
To explore the mechanism underlying the effects of miR-200b on metastasis, potential miR-200b target genes were searched for using online miRNA target prediction databases, and numerous genes were identified. The present study selected one target gene of miR-200b, RhoE, which has a clear role in the regulation of the actin cytoskeleton and influences migration via alterations in cell motility, in order to determine the mechanisms underlying the effects of miR-200b on the regulation of EMT in cervical cancer cells. A previous study reported that RhoE may act as a target gene of miR-200b in regulating cell cycle progression of HeLa cells (33) . In the present study, luciferase assays, RT-qPCR and western blotting provided direct evidence suggesting that miR-200b may bind to the 3'-UTR of RhoE, suppressing the expression of RhoE at the mRNA and protein levels. EMT is a key process that contributes to cancer metastasis, which is characterized by a loss of epithelial markers, including E-cadherin; an increase in mesenchymal markers, such as vimentin (5, 6) ; and an increase in migratory and invasive behavior. In the present study, overexpression of miR-200b in HeLa cells led to upregulated E-cadherin expression and downregulated vimentin expression. Conversely, transfection with an miR-200b inhibitor had the opposite effect on the HeLa cells. These findings suggested that miR-200b may be associated with the EMT and tumor metastasis of cervical cancer cells, and may serve as a potential therapeutic target for the treatment of invasive carcinoma.
A previous study has suggested that RhoE is implicated in cancer motility; however, the role of RhoE in cancer cell invasion remains at a preliminary stage (34) . B-Raf-mediated upregulation of RhoE has been shown to promote melanoma cell invasion by reducing RhoA/RhoA kinase activity (35) , whereas p53-mediated induction of RhoE has been linked to inhibition of cancer cell invasion (36) , thus suggesting that RhoE may exert a dual function in modulating cell mobility and invasion. In colorectal cancer, RhoE expression has been shown to be significantly correlated with depth of invasion, and lymph node and distant metastasis (37) , suggesting the role of RhoE in migration and invasion. Furthermore, RhoE expression was significantly reduced in colorectal cancer tissues, as compared with in normal tissues (38) . The results of the present study demonstrated that siRNA-mediated knockdown of RhoE resulted in suppressive effects on EMT, as determined by reduced vimentin expression and increased E-cadherin expression. Furthermore, a Transwell migration assay indicated that knockdown of RhoE inhibited the cell migratory ability. These results indicated that miR-200b has a suppressive role in cell migration thereby influencing the EMT process, which may partly be due to direct inhibition of RhoE expression. The available data suggested that stress fibers act to maintain cell tension and mobility, and the loss of these actin structures directly leads to cell spreading (39) . Previous studies have reported that loss of stress fibers is accompanied by rapid cell spreading (40, 41) . It is well known that RhoA, which is a member of the Rho family, is involved in maintaining cell tension and a round morphology. A previous study demonstrated that RhoE may inhibit signaling downstream of RhoA to prevent RhoA from stimulating stress fiber formation, and time-lapse videomicroscopy has shown that following microinjection of RhoE, cells were much flatter and spread out, as compared with control cells (34) . These findings suggested that RhoE may regulate cell spreading via the inhibition of RhoA signaling. Notably, overexpression of dominant-negative N-terminally truncated ROKα, a downstream target for RhoA, induced cell spreading in HeLa and 3T3 cells (41) . However, further experiments are required.
In conclusion, the present study is the first, to the best of our knowledge, to describe the miR-200b/RhoE link and identify miR-200b as a regulator of EMT in cervical cancer cells by influencing the expression of RhoE. As a result, these findings may provide novel insights into the role of miR-200b in the development of cervical cancer and suggest that miR-200b may be considered an effective target for the treatment of patients with highly metastatic cervical cancer.
